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SmMARY”

A shortands~le methodis~esentedforthedetendnationof
transientskintemperatureof conicallodiesduringshort-time,high-speed
flight.A differentialeqmtionispresentedforthispurpose,“
givingthefundamentalrelationsbetweenthetransientskintem~erature
endtheflighthistory.Fortheheat-tramfercoefficientand
loundary-layertemperate,whicheq neededinthedifferential
equation,Eber’sexperhentalresultsforconicalbodiesundersupe%
soticconditionsareadaptedands~ izedina convenientway. The
methodisappliedfirsttoflightat constantaltitudeto illustrate
theeffectofaccelerationontransientS- temperature.Themethodis
thenappliedto arbitr~ flight.Severalexamplesare,given;forone
examplemeasureddataareavailableandereingoodagreementwiththe
calculations.

body
Whenairflowsgvera
isbroughttorestby

INTRODUCTION

body,theairimnedia%elyadjacenttothe
sktifriction.As a resulttheairis

heatedto a highertemperatureand,hence,heatexchangebetweenthe
atiandtheskinoccurs.Thisphenomenon-isgenerallytermed
“aerodynamicheating.”

At highspeedthetemperatureincreaseoftheatiisverylimge
andtheaerodynamic-heatingproblembecomesofgreatconcernto
designers.Theproblemisrelatedto thecharacteristicsofthe
boundarylayerandthelocalhealAmansfercoefficient.Inreference1
a methodisgivenforthedeterminationoftheskintemperatureat
supersonicspeed,whichmakesuseoftheformulasforheat-transfer
coefficientandboundary-&ertemperaturederivedforflatplatesat
subsonicspeed.Inreference2 a dtiferentapproachismadeforthe
detemninationofskintemperatureofa bodyofrevolutioninsupersonic
flight● Bothyapers,however,dealwithequilibriumskintemperate
forsteady-flightconditionsatconstantaltitude.
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~ sev=el Germanpapers(reference3, forinstance)itisshown
thatfora short-timeflightduringwhichthespeedandaltitudevary
withtime,thetransientskintemperaturemy be considerablylower
thantheequilibriumskintemperature.Inthepresentpaper,therefore,
emphasisisgiventothetransientskintemperature,ratherthanthe
equilibriumsldntemperate. A d3fYerentialequationis.presentedfor
thispurpose;andfortheheat-transfercoefficientandboundery-leyer
temperatureneededinthedifferential.equation,Eber3se~erimental
results(reference4) forcoticalbodiesundersupersonicconditionsare
adaptedands~ized ina convenientformforimmetiteapplication.
E, however,letterexperimental.databecomeavailable,theycanhe
adaptedreadilyto thepresentmethod.

~ orderto shuwtheeffectofaccelerationonsldntemperaturethe
simplerproblemofflightat constantaltitudeistieatedfirst.More
generalflightserethendiscussedwithseveralexamples.In oneexample,
dataobtainedfromtheNavalResearchLaboratory,Washington,D. C.,
givingskintemperaturesfortheV-2missile21firedonMarch7, 1947
atWhiteSands,N.Mex.,inconnectionwithupperatmosphereresesrch
(reference5), areusedforcomparisonwiththecalculatedresults.
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acceleration,feetpersecond

temperaturerecoveqfactor

persecond

specificheatof

Sp8CifiC heatof

functionof TS

accelerationdue

air at constant~essure,Btu/(lb)(%E’)

Skinmaterial, Btu/(lb)(~)

andimplicit-of t (seeequation(I-6))

to gravity(tekenas 32.2 ft/sec2)

heat-trensfercoefficieti,Btu/(see)(sqft)(%’)

referenceheat-trsnsfer

to B = ~ (or 300),
Btu/(see)(sqft)(%)

ther& conductive@of

coefficientcorresponding

2 = 1 foot, and H = Sealevel,

air,Btu/(see)(ft)(~)

chsracteristiclen@h,feet

time,seconds
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thne whencertainveloci@isreachedlyumiformly
acceleratedbodystartingfromrest,seconds.

correctionfactor

correctionfactor
equation(14))

correctionfactor

for

for

for

noseangle(seeequation(14))

characteristiclength(see

altitude(seeequation(14))

heat-absorptionca’paci~ofskin,Btu/(sqft)(OF)

altitude, feet

mechanicalequivalentofheat

heatflowingintoskindueto

(takenas 778ft-lb~u)

siinfriction,Btu/(see)/(sqft)

heatlostthroughradiation,Btu/(see)/(sqft)

Reynoldsnmiber ~

free-streamtemperatureof*, % absolute

skintemperatureatt~ ta, OFabsolute

eqtibriumslclntenqerature,OFalmolute

initialtemperature,OFabsolute

loundery-leyertemperature,OF

skintemperature,OFabsolute

absolute

totalorstagnationtemperature,% absolute

free+tieamveloci~,feetpersecond

specificweightofskinmaterial,poundspercubicfoot

total apexangleofconical,nose,de~eesorradi~

emissivity,assumedtobe 0.4innumericalexamples
ofthispaper (e.1 forperfectblackbody)

free-streamdensityofati,poundspercubicfoot
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P. free-streamdensity-ofairat sealevel(takenas
0.076571%/CU ft)

P coefficientofviscosi~of *, youndsperfoo=econd
.

T skinthicb.ess,feet

limiLYsIs

FundamentalEquations

Theskintqeratwe ofa bodycanbe detemined.froma considera-
t tionoftheemotitofheatflmdng intotheskinandthatlostby the

skin.Thebehnceofthetwoistheheatabsor%edorgivenupby the
skinframwhichthechangeinsldntemperaturecanbe calculated. I

HeatflowingintosM.– I?orheatflcmlngintotheskinduringa
shfithe, high+~eedflight,themostimportantfactortohe COW I
sideredisthe.aerodynamicheat-. --tidal- resultsindicate
thattheheatflowingintotheskjndueto sktnfrictionQ1 (expressed
in Btu/sec/sqft) canbe determinedfromthefollowingeqiricsl
fOrmllla:

.’

Q1= h(TB- Ts) (1)
.

wherethe%oundary-lsyert~erature ~ andtheheat-transfer
coefficienth havebeenstudied expertintallybyEber(refereQce4)
anderediscussedsubsequently.

,

Heatreceivedbytheskinfromothersources,likeSOW
radiation,radiationfromsurroundingatmosphere,heatfrominterior
orotherpartsofthebody,andsoforth,erenotconsideredinthis
paler.

Heatlostby theskin.–Theheatlostby tk skincanbe heat
lostthroughradiation,heatlostthroughartificialcooling,or
@at losttotheinteriororotherpertsofthebody.Theheatlost

.

throughradiationQ2 (ex@essed& Btu/sec/sq‘ft)canbe detetined. .
fromtheStefan-BoltzmannfOrmula:

\

~ = 4.8X 10-13~S4 (2)

wherethe vd.ueoftheemissivi& C dqe@ on

oftheskin.Fora ~erfectblackbody, e . 1.
thesurfacecontition

—-- ..— — —— --. –—. —.— ____ —
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hheheatlostotherthanthroughradiationtotheexteriorisnot
consideredinthispaper.

Heatlalanceequation.–Equation(1)givestherateofheatflow
intotheskinandequation(2)givestherateofheatlosshytheskin.
Thedifferenceofthetwo Q1– Q2 istheheatlefttoheattheskin
measuredinBtuperscywrefootpersecond.Duringan intervaldt,
thetotal.heat(Btu/sqft)tobe absorbedby theskinistherefore ‘

(Q, - Q2)dt

Ifthetemperatureriseoftheskinduringthisintervaldt is dTS,
theheatabsorbedbytheskincanalsobe eqessed by

where G, theheat-absorptioncapacityofthesldn(expressedin
Btu/(sqft)(OF)),isthewoductofthespecificheatoftheskin
materialc, thespecificweightoftheskinmaterialw, andthe
skinthiclolessT. I&cm datainreferences6 and7, representative
vs3.u.esof G forsteelandalloysofaluminumandmagnesiumat520°F
areobtainedandplottedagainstskinthiclmessinfigure1. At higher
temperaturesthevaluesof G ereincreasedattherateofO.256T~
per100°F forsteeland0.0624T~per100°F foralumhumwhere T~ is
theSkillthicknessiniIIChOS. Formagnesiumalloythebamperatureeffqct
canbe neglected.

13quatingtheprecedingtwoexpressionsfortheheatabsorbedby
theskin@ substitutingQ1 and Q2.fromequations(1)and(2)
gives

(3TS
G— -13

. dt + hTS+ 4.8 X 10 ask = ~B (3)

whichisthebasicequationfortransientskintemperature.

Thesimpl~iedequation.–Equdion(3)isa nonlinesrclifferential.
equationwithvsriablecoefficients.A stiplifiedequationcanbe

c’ obtainediftheradiationlosscanbe neglected.# 5 simplified
equationis

dlr~
G —+ms=hTB

dt (4)

<

.
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As isshownsubsequentlyforexample3,theradiationlossordinarily
contributesonlya mall pertto thetransientskintemperaturefor
short-time,hig&speedflight.Forsuchflightstheuseofequation(4) .1

doesnotintioduceanyappreciableerror;whereasa greatdealoftime
andlaborcanhe savedinthecomputationwork.

Equilibriumtemperature.–If a bodyflieswitha constantspeed
ata constantaltitudefora sufficientlylongt~, theskinisheated
to a temperatesuchthattheheatflowingintotheskinyersecond
isforpracticalpurposesthesameastheheatlost,andtheskin
temperaturebecomesconstant.Thesti temperaturetheniscalJ_edthe
equilibriumtemperatureTe, correspondingtothatspeedandaltitude.
Theeq~bri~ temperatureTe canbe determinedfromeqqtion(3)

by droppingouttheftisttermstice~=o.

4.8 X l@36Te4 + HI?e=

Thus,

IqJ - (5) “

If theradiation10SEcanbe neglected,theequilibriumsldntempera-
tureisthesameastheboundery-layertemperate.

h equations(3), (4), b (5) the twoparametersh and ~ ‘,
areneededbeforetheequationscan,be solved.b thefollowingsection
Ebertsexyerimenteldataonthesetwoperimetersarediscussedand
summarized.

i
Eber:sI&perimntalResults

Jh1941Eber(reference4)madea seriesofti-tunneltestson
cones-ofveriousvertexanglesto-determinetheboundary-layer
temperate TB andheat-ti-ansfercoefficienth athighspeeds.
Theresultshe obtainsdszeadaptedinthispaperforthedetemdnation
of skintemperateforconicalbties inflight.‘llieseresultsare
discussedinthefollowingsectionsandaresummerizedina convenient
formwithcertainsimplifications.

Boun.dery-layertenqerature~.– Whentheairstreamisbrought
torestisentiopicelly,thetemperatureofthe& iscalledstagnation
temperature.Whentheatiisbroughttoresthy skinfriction,the
processisusuallynotisentropicandthetemparatweoftheairis
lowerthanthestagnationtemperature.h thiscase,ifnoheatflow
acrosstheskinOCCWS,thetemperatureoftheatiimmediatelyadjacent
to theskiniscalledtheloundery-leyertemperate ~ andisfound
tohe closelyrelatedtothestagnationtemperafie.Intheactualcage
forwhichheat‘exchangebetweentheairandtheskinoccurs,the

1“f

I
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boundary-layertemperature~ is
t, empiricalequation(1)andmaynot

intheactualboundarylayer.

fromthe

\

.

.

?.

.

only‘anartificialtermusedinthe
necessarilyberealizedatar@Toint

stagnationtemperature~ canbe calculated
fo~”owingstatementofBernoullisequation:

o

“/ !

TT
. VdV+ JgcpdT= O

‘1 ‘1

theoretically

(6)

where VI and T1 erethevelocityandtheteqeratureofthefree
ah stream.VaImesof T1 atveriousaltitudesaregivenin

.
reference8 andarereplottedinfigure2 ofthispaler.

(7)

Fortheactualcase,however,~ verieswi’thtemperature.Inref6rence1
a correctionforvariable~ hasbeenshownto lowerthestagnation
temperatureconsiderablyathighvelocity(about20yercentlowerat

/ Machnumber8). h exactsolutionofBerncndli$sequationforveriable~
givesa setofstagnation-temperatiecurvesforvariousaltitudesand”
Machnunibers.Inthispaper,however,plottingthestagnatfok
hmperaturerise & – T1 againstfree-streamvelocityV1 ischosen
insteadofthestagnationtemperatureagainstMachnmiber.Theresult
.isa singlecurveforallaltitudes.Thiscmve,forwhichthe
derivationisgiveninappendixA, isplottedinfigme 3,together
withthestagnation-temperatwerisefor ~ = 0.24Btuperpound
perdegreeF&enheit. Forlowsyeeds,no correctionforvzqiablecp
isnecessery.

Theboundary-layertemperature~ isrelatedtothestagnation
temperaturely anempiricalfactorK caUedthetemperaturerecovery

1 factor.Therecove~factorK isdefinedas
,

0

\ . r (8)

L.
EberSsexpemlmentalresultsshowthat K verieswiththetotalvertex
angle ~ oftheconeMitis~acticallyindependentofveloci~. The

.—, . .. . ------- ..,. -.— — -—~ —.. --- —-—— .. —.- —.-. — -- - --. —-- - -
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variationof K with P isnotverylarge.For’B ran@uqfrom20°
to 50°,anaveragevalueK = 0.89 >m’h;
alout2 yercent.Therefore,

TB– T1 = O.@(TT

Sincethestagnatio-teqmratuerise

used.withamaidmimerrorof IL1

–T~- (9) ‘

TT–“Tl canbe takenasa
fmotionof VI only(fig.3), the boundary-byez=lsemperaturerisecan
alsole takenasa functionof VI; therefore,thereisa singlecurve .1

forhoundsry-layer-temperatureriseforillaltitudes.Thiscurveis
showninfigure4. For

2
=i0.24BtuperpoundperdegreeFahrenheit,

theboundsry-leyer-hmperaurerisecan%e givenbythefollowing
e~ession:

T-n– T-I= 74.0m)2 ●
JJ -L “.

Heat-transfercoefficienth.-The
canbe dete-d fromEberta empirical.
reference4:

~ooo)

heat-tranafer
formlawhich

h = (0.0071+ 0.0154@ R0”8
●

wheretheReynoldsnumberR, asdefinedbyEber,is
Equation(1.1)canberewrittenas

h= (o.oo71i-o.o154@)* qo”8 ~
~o.8

(lo) ,

coefficienth
istakenfrom

k
.,

(IL)

. ‘.

0.8v-l (1..2)J’
“/

Inthederivationofequation(Xl_),Eberusedtheboundary-layer
temperatureasthereferencetemperatureforvaluesof k and y, the
thermalconductivityendcoefficietiofviscosityof*, respectively. .
Forthecharacteristiclength2, Eberusedtheentirelengthofthe
surfaceofthecone.Althoughdilffererrtopinionsexistregardingwhat
isthecorrectlengthto beusedasthecharacteristiclength,when ,’
l?lber~sexper~ntal.resultsareappliedto actual.flightconditions
(for.instance,inreference3 halfthetotallengthofthedonesurface ‘ ,4
isusedasthecharacteristiclength),Ebertsoriginaldefinitionis
foll~d inthispayer.Thevalueof~h thusobtbed representsan
averagevelue,insteadoflocalvalue,oftheheat-transfercoefficient.

, --—————— — – — —.,. ~——
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A shplified
nowgiven.Fora

methodforthe
givenvelocity

evaluationof
andaltitude,

9

the factork/p0.8 ~a
the boundary-iqyer

temperaturecanbe deteminedfromfigures2 &d 4, andv&es- of k
and p correspondingtothistemperaturecanle ottainedfrom
reference9 fortemperaturesbelow2400°F absolute.Theboundary-layer
teqeraturewasdetemninedforvariousvelocitiesatthreedifferent
altitudes(sealevel,100,000ft,and190,000ft)endtheratio k/~0*8
wascalculatedandplottedagainstvelocityinfi~e 5. I?orboundery–
layertemperaturehigherthan24-00°F absolutethecurveisshownby
dashesandisobtaimdby extrapolation.

In f-e 5 thetwocurvescorresponnnto 10 ,000feet
8and190,000feetformtwolimitingvaluesof k/pO*. Foranyother

altitudesfromsealbvelto 370,000feet;ay~oxdmately,values
of k/y0=8againstveloci~fallwithinthesetwoMm3tingcmves.
SincelothMmitingcurvesdonotdifferverynnzchfromthesea-level
curve,usingthesea-levelcurveforallaltitudesup”to370,000feet
seemsjustified.Therefore,k/y0*8isa functionofvelocityonly.

Jh connectionwiththissimplification,itshouldbekeptin
mindthatvaluesof k and p athightemperatureareobtainedhy
extrapolationandanyeffectsofchange0? aircompositionathigh
altitudeson k and v arenotconsidered..

Equation(12)isnowreducedtofourfactorswhicharerespective
functionsof p, 2, altitude,andveloci~.Forconvenienceof
computation,a referenceheat-transfercoefficienthi, corresponding

to P =* (or300)’,Z = l,foot,andsea-levelcondi~ions,iscomputed

fromequation(1.2)andtheresultsareplottedtifigure6. ‘lhisreference
heat-transfercoefficienthi isa functionofveloci~only.For
othernoseangles,characteristiclengths,andaltitudes,theheat-
transfercoefficienth issimplythereferencehea~transfercoeffi–
cienth’ multipliedby thethee correctionfactorsqV F2Y
E@_ FH. Thu,

●
v

where

“.

h =FPF2FHh~

0.0071 + O.ol%fiFp=
0.0071+ O.oly@

F2=-&

()

F_qo.8
. H- z

1-

(13)

(14)

-. . .—-.—. . . . . ... .. ..__ ___ _. _ _. .. . _e_____ ____ ... --— .....— —— ...—-— ...—



Veluesof Fp, Fl, and FH eregiveninfigures7, 8, and9, resyecti’ve~.
valuesof P1./Po,where p. isthefree-streamairdensityatsealevel, ‘
were‘telcenfromthelUCAstandarda_bnos@eretable(reference10)for
dtitu.des’tiehr65,0cQfeetandfromtablesp(a)andv(b)ofreference8
for~titudesabove65,000feet.

ApplicationofE%ertsresults.-~ theforegoingdiscussion,Eberts
exper-ntelresultson TB and h ererepresentedby stiplecurves
as-functionsofveloci~andaltitude.Foranyprescribedflightpat~
forwhichtheveloci~andaltitudearegivenasfunctionsoftti, values
of ~ and h canhe expressedasfunctionsofthe. Table1 is
prepsredforthisTurposeendtheoperationsintable1 ereself–
explanatory.Nowthat ~ and h me Imownasfunctionsoftime,
equation(3) or (4.)canbe solvedforthetransientskintemperatureand
equation(5),fortheeqdlihriumskintemyeratme.

Certainfactsshouldbeborneinmind,however,intheapplication
ofEbertswork,particdarlytohig&altitudeflightconditions.First,
IZbertsexper~ntalresultswereobtainedovera Mmitedrangeof

Re~oldsnuniberof2 X 105to 2 X 106;forflightconditionswherethe
actuelReynoldsnumberfallsoutsideofthisrange(whichisususJJ.y
thecaseforflightathighaltitudes),extrapolationisnecessary.
Second,Eberlseqerimentswerecarriedoutatlowaltitudes.At
higheltitudeswherethealrdensi~isverylow,thefli@tw
enterintothesli~flowdomainwheretherecoveryfactor,and
possi%lytheheaktiansfercoefficient,~ be greatlyaffected. 4
(Forillustrations,calculationsweremadeto deteminetheMachnuuibers
andReynoldsnumbersfromtheflighttrajectoryoftheV-2missileused
inexample1 ofthepaper.Theresultsofthesecalculationsare
indicatedby pointsh figure10,wherethecurvedividingthetwo
domainsistebn frm referenceU_. Forthisparticularexamplethe
flightentersthesli~flowdomatiassoonasanaltitudeofapproxi-
mately130,000feetisreached.) Third,intheeval.wtionof k @ KS
theeffectsofchangeof@ compositionathigheltitudeswe neglected
andmlues of k and p attemperature@eaterthan2400°F absolute
areoldxainedby extra~olation.Finally,thepropetiiesoftheatmosphere
athigh~titwieseretakenhornthetentativetablesofreference8.
WithalltheseuncertaintiestheapplicationofEber:sresultstohigh
altitudesmayintroducea largepercentageerror.‘However,sincethe
heat-tiansfercoefficientathighaltitudeissmall,theeffectonskin
temperatureisnotlarge.

A generaldiscussionofthevalidityoftheextensionofEberts
experhmntaldatatoflightconditionsisgiveninreference3.2together
withanextensitiestudyoftheeffectonskintemperatureofvarious
individualparameters,suchasMachnmiber,eltitude,@ssi~itY~
characteristiclength,d COfi.C~nose@e~ aSwe~ ~ t~ @ ~
m conditions.

. ..

.

1
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SolutionsofEquations

Solutionofequation(3).-Equation(3)isa notinearequation
withveriablecoefficients,ofthefirstorderbutthefourthdegree.
If equation(3)iswrittenas

~ = f(TS,t.

where

4.8x lr13ETs4f=@B_l#s-
G

it isreadilyrecognizablethateqmtion(15)cenbe

N.

(15)

(16)

solvedcon-
venientlyby-Runge-andKutta*snu&ical &thod (reference13)which
is summerizedb apyendixB. fitabl.e2 RungeendKutta3smethodis
srrangedina suitablewayforthesolutionofequation(15).A
convenienttdmeintervalAt isftistchosen.ThesmallerAt is,
themoreaccuratetheresultswillbe. Theoperationofthistable
stex’tsonthefirstlineandproceedsframlefttorightandthento
thesucceed~ lines.Thefunctionf, correspondingto t and Ts
at itsleft,banbe obtainedfromequation(16).!l?heftnalresults
oftable2 givethesldntemperateattheendoftheintervalAt.
H thetableisrepeated,thesldntemperatureattheendof 2At,
3At,and.soforth,canbeobtatid. ~ thettmeintervalchosenis
notsmall.,a correctioncm bemde as&plainedinappendixB,
wherean illustrativeexampleisalsogiven.

Solutionofequation(4).–Equation(4)is a lineard3fferentiel
equationoftheftistorderprovidedtheheabbsorptioncayaci~ G
i;considered
solutionis

tobe tidependentofskintemperature.Thegenerai

where D, theconstantof integration,canle detemdnedfromthe
initial conditionTS = Ti at t = O. Theparametersh and TB in
equation(17)UEuellycannotbe expressedinstmpleanalyticalterms.
Equation(17),thereforb,hastobe integratednumerically.Table3
isprovidedfortldspurpose.Thetimeandlaborrequiredforcsrrying
outthecomputationsintable3 eremuchlessthanthoserequtred
fortable2. Sometimestheveluesinrow8 oftable3 becomeverylarge “
asthetimeincreases.It isadvantageousto stopatthispointandstart
againfromthebeginningoftable3withth skintemperaturelastobtained
beingusedasthenewinitialtemperature.

Solutionofequation(5).–Equation(5)isa simplequaxtic
algebraicequation.~ useofEber:sexpertintslresultson h

.—.—.-_—. .---- . ..s..- --—.— .——. .. ——. .-.—— ----——. .— —-.—— .—.—. -. ---—
...
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d TB, equation(5)canbe solvedfortheequilibriumtem~ratureTe
foranyeltitudeandveloci~condhation.Forillustrativepzposes,
thevariationofequilibriumtemperatewithvelocityforseveralaltitudes d

isshowninfigm?e11. Thevelueof e usedis0.4.

RESULTSANDDISCUSSION

Themethodforthecalculationoftransientskintemperature,
asdiscussedintheprecedingsections,isappliedfirsttoflightat
constantaltitudeto iUustratetheinfluenceofaccelerationonskin
temperatureandthento sr’bilmeryflightconditions.

Fli@t atConstantAltitude

ForiUm.strationoftheeffectofacceleration,theshplified
equation(4)isusedto determinethesldntemperatureforthefollowing
example.

Assumethata.body,startingfromrest,isaccelerated@ormly
to 5000feetpersecond.Thisspeedisthenmaintaineduntilthe

.

equilibriumtemperatureisreached.Subsequently,thebodydecelerates
uniformlyto zeroveloci~again.‘lbquestionis,then,hbwdoestheskin
temperaturechangewiththe duringthesethreeperiodsofflight.The J

bodyhasa conicalnoseangleof 30°,a conicalsurfacelen@h of1 foot,
and.a skinheatibsorptioncayaci~ G = 0.6 I%Uyersquarefoot
perdegreeFahrenheitandistravelingata constantaltitude
of 50,000feet.

2eriodofuniformacceleration.–Theveloci@ofthe%odyatmy
instantdiningthisperiodisgivenby

where a istheaccelerationinfeetpersecondpersecond.Theinitial
conditionis Ts . T1 at t = O.

Sincetheveloei~isgivenasa functionoft~, TBtih
canbe Utermhedfromtable1 andthesldntemperaturefromtable3,
all as functionsoftime.Theresultsaregiveninfigure12for
fiveclifferentvaluesofacceleration:a = 2g,5g,10gJ50g,~ m”
(Forinfiniteaccelerationthetemperature-tticurveisbuta single
point.) Thedashedcurveinfigure12 givestheskintemperatureTa
atthetime ta whenthebodyreaches5000feetpersecond.The
lergertheaccelerationis,thelower”theskintemperaturewillbe.

—.. —.....-._—- .. —.—..Z -——— ..-—-— —-. . ..— — — .
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h figure13, theskintemperaturesfor a = 2gand10g are
plottedagainstVI togetherwiththecurveshowingthevariation
ofequilibriumtemperaturewithvelocity.Sinceradiationlossis
neglectedinthiscase,theequilibriumtemperatureisthesameasthe
houndsry-layertemperature.Thetemperaturedifferenceletweenthe
“transient”andthe“equilibrium”curvesisthe“temperature~,”
whichisgreaterforlargeraccelerations,asshowninfigure13.

Periodofconstantvelocit~.–If.thelodymaintainsitsspeed
at 5000feetpersecondefterthisveloci~isreached,h/G and TB
ereno longerfunctionsoftime;andthesoltiionofequation(17) becomes.

ht——.
TS=TB+De G

for t ~ ta where
theconditionTS =
whenthebodyfirst

D, theconstantof integration,”isdetemdnedfrom
Ta when t = ta. TheS- temperatureatthethe
reachedthevelocityof5000feetpersecondTa

isdifferentforUfferentaccelerations.

Equation(18)issolvedforthefivedifferentaccelerations
a = 2g,5& U% 5%> Resultsereplottedin-figure.lk.
(Thetemperaturecurves%fo;~thebodyreaches5000ft/seceretaken
fromfig.12.) Theskintemperatureapproachesexponentiallythe
equilibriumtemperatureTe, inthiscaseequelto ~ corresponding .
to WOO feetpersecondatthealtitudeof50,000feet.

Periodofuniformdeceleration.-Ifafterthebody-maintains
5000feetpersecondfora longtimeitstertsto decelerate,the
velocityatanyinstantisgivenby

.

VI = 5000+ at

where t startswhenthe-bodybegk to decelerate.Theinitial
conditionis Ts . ~ at t = O. Table1 andtable3 againcanbe
used.to solveequation(17)andtheresultsareplottedagainst,velocity
infigure15fortwodifferentdecelerationsa . -2gand–lOg.Again,
theequilibrium-temperaturecroneisalsogiven.Thetransientskin
temperatureinthecaseofdecelerationishigherthantheeq,tiibrium
temperaturethroughoutthevelocityrange.Thetemperatm?elagis
thereforeontheadverseside.

GenerelFlightConditions

In thegeneralcase,thebodyischangingitsaltitudeaswell
as itsvelocity.Threeexmrpleseregiven.Inallcases,the

. . _______ . . _ .._ . ._ .—- . ——. . .,. +... ... . . . . .— —— .- .— .. --—-.-—
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simplifiedequation(4)isusedforthecalculationof
temperatures.In example(3)themoreaccuratemethod

I?ACATIVNo.1727

transientskin
isslsousedand

therelativehportanceofradiationlossisdiscussed. !

Examplel.-TheV< missile21.firedonMsrch7,1947at
WhiteSands,N.Mex.,hada conicalvertextie of26°,a conicaJ-
surfacelengthofapproximately7 feet,anda skinofO.109-inchsteel
aftera certaindistancefromthenose.Theabovespectiications
andtheflightpathoftheT-2missileasshuwninfigure16were
obtainedfromreference5. Theboundary-layertemperatureandthe
heat-transfercoefficientaredeterntlmedbymeansoftable1 andare
ylottedagdnsttimeinf@me 17. Theskdnheatibsorption
capaci~ G isobtainedfromfi~e 1 tobe 0.476mu persquerefoot
perdegreeFahrenheitcorrespondingto 520°F absolute,whichis
conservative.‘I!&initialakinteqeratureisknowntobe 546°F absolute.
Table3 isusedto deteti theskLntemperaturesandtheresultsme
plottedagainstt~ infigme 18.

b figme 18themeasuredskintemperatureforthesteelskin
ofthesamemissileisalsoshown.Themeasureddatawereobtained
fromtheNavalResearchLaboratory.(Seereference5.) Theagreement
betweenthecalculatedandmeasuredresultsisgood.

Example2.-k er’bitrezy velocity-and-altitudediagramisassumed,
as shownb figure19,includingdescenMngpathaswellasascending.
Themissileisassumedto havea noseangleof 30°,a characteristic
lengthof4 feet,anda sldnheat-absorptioncapacityof0.6B-&mper
squarefootperdegreeI?shrenheit.Theboundary-layertemperature~
andheat-&ransfercoefficienth aredetemninedby useoftable1 and
sreplottedagainsttimeinfigure20. Table3 isthenusedto calculate
theskintemperatures.Theresults&replottedinfigure21. Theskin
temperatureduringdescentbecomeshigherandl@@r becauseofthe
greaterdensityattheloweraltLtudesandthehighervelocityas
itCO~S down.

mle 3e–b ordertodeterminetherelativeimportanceofthe
radia%ionloss,thecalculationofskintemperatureforthemissile
inexample2 fortheffist80secondsisrepeated,exceptthemore
accuratemethodisnowusedwheretheradiationlossisnotneglected
(theemissivi~e isassumedtobe 0.4).Table2 isusedforthis
P-se a theresultsareplottedinfigure22togetherwiththe
resultsobtainedfromexample2 wheretheradiationlossisneglected.
Thediscrepancybetweenthetwoisverymall,approdnatel.y3°F.

Infact,formostmissilestheradiationlossplaysonlya small
partinthedetemninationofskintemperklmreandthesimplifiedmethod
canbe usedto greatadvanl%geinsavingtimeandlabor.A s3mple
criteriontiortunatelydoesnotetistforpredictingwhenthe ‘
radiationlosscanbeneglected.GenersUyspeaking,ifthes~n

.-— — .—. –.,. -—— -...——, _ ._— -..—. .—.-—.,,- -,
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heatcapaci~isnottoo.small,
perdegreeFahrenheit,theskin

15

saynot_be16w0.5Btupersquarefoot
temperat~eisnotexpectedtobe higher

than1000°F absoluteand,iftheradiationlossisnotthedominating
factorfora longperiodoftime,theradiationlosscanbe neglected.
If thefinalskintemperatureiscompletelyunkrmwn,startingwiththe
stiplifiedmethcdisadvantageous.momthemaxhlmlskintemperate
obtqined,anesthateoftheradiationlossanditseffectontheskin
temperaturecanbe qticklymade.Forinstance,themaximumskintemperature
ofthemissileof example2 isabout6150F absolute.Thisskintemperature
isconservativelySEsumedtoholdfortheenttieperiodof&l seconds.The
changeofskintemperatureduetoradiationlossduringthis~eriodis ‘
then

(~~=~4.8xlo
)‘13fT~4 t

( )=*4.8 XMT13X o.kx 6154 x W.

= 3.7° F

whichisnegligible.A shdlarcalculationforexmqle1 in.dicat6sthat
forthefirst65secondsofflighttheradiationlossaffectsthe
meximumsktntemperatureapproxhately6°F.

Forflightconditionswheretheradiationlossisthedominating
factorfora longTeriod,asfromthe80thsecondtothe220thsecond
inexample2,theradiationlossshouldbe investigated.Duringthis
period,h iszeroandequation(3)becomes

dc~
G—
dt

+ 4.8 X 10_~36T~4= O

Thegeneralsolutionis

( )–1/3
Ts = 14.4 x 10–%& + D (19)

1

where D, theconstant
conditionTs = ()% 80
temperatureatthe80th
skintemperaturecanbe
be loweredonly& F.

of integration,canbe determinedfrom~he
when t = 80 andwhere [)%S 80 istheskin

second.At.theend.ofthe220thsecondthe
calculatedfromequation(19)andisfound,to.

.—. .—. — ...= .—- . . . .—. . -. —— .-. .—— —-.—..... ..—. .— —,: ,-.
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coil’cImowqEMm3s

1.A clifferentielequationtakingintoaccountaeroi$mamicheating
andbodyradiationispresentedforthecalculationoftransientskin
tmyeratureforanyprescribedflighthistory.RungeandKutta*s
nmericelmethodisrecommendedforthesolutionoftheclifferential
equation.

2.A shplifieddifferentialequationwhichne@ectsbodyradiation
isalsogivenandcanbe usedinmaqgcasesto greatadvantageinsaving
botht~ andlabor.

3. Eber:sexper~ntalresultsontheboundary-layertemperature
andhea~tramfercoefficient,tobe usedintheclifferential.equation,
aresummarizedb a convenientwayforhmetiatea@ication. Tables ,
andctis arealsoprovidedtofacilitatethe solutionofthe
differentialequation.

4. Thf3calctitedsldntemperaturefora V-2missileis ingood
agreementwiththemeasmeddata.

‘j.Theheatilmorptionca~acityofthesldnhasan important
influenceontransientS- temperature.Theheat-absorptioncapacity
isgreaterand,consequently,thetemperaturelagislargerifthe
skinisthicker,thematerialisdenser,orthespecificheatishigher.

6.Whenthe@ isheatingthesldn,theteqeraturelagdueto
theheatcapacityoftheslctnisinthefavorabletiection,thatis,
tendsto lowertheskintemperature.Whentheatiiscoolingthe
skin,thstemperaturelagisintheadversedirection,thatis,tends
to keeptheskinathightemperature.

7. lIber:sexperimentalworkwasconductedundercertain13mited
conditions(shorttestingtdme,smalltemperatureclifference,limited
Reynoldsnmiber,andsoforth).Morerefinedexpertiptalvaluesfor
a widerrangearedesirable.

8. Becausetheatmosphericpropertiesatextremelyhighaltitudes
as giveninNACATNNo.1200aretentativeand,also,becauseathigh
altitudestheflightactuallyentersthe“slip+flow”domain,a closer
investigationoftheprotihmathighaltitudesiS~etid.

9. Formoreaccurateresults,tivestigationsofheatexchenges
otherlihsnthoseconsideredinthispapersrenecessary.

LangleyAeronauticalLaboratory
NationalAdvisoryComitteeforAeronautics

hn@ey Field,Ta.,Deceniber8, 1947
t

——. .— . ——-- --- —— .- ——- .. . —-...,.., .,,,
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AH?EImxA

STAGNATION—~ RISII‘OR‘~ CP

InthefolIkwingdiscussion,a singlecurveforaldaltitudesis
obtainedforthecalculationofstagnatio~temperatureriseatvarious
velocitiesV1 whenthes~ecificheat Cp isconsideredtobe a
functionoftemperature.TheBernouUiequationcan%ewrittenas

V dV

Integrateequation(Al)letween
andstate2,wherethe

+JgcpdT=O

state1,thefresstreamcondition,
iszero.

p%

or

VIP

i

‘T
—=Jg
2 CPm

1

Valuesoftheintegralinequation(A2)canbe
table1 ofreference9 (seealaopage%, reference

(Al)

(A2)

Obkbledfrom
9) forgivenvalues

of T1 and TT5 ad thevelocim V1 ;= he compuied.
curvescanthusbe obtained.

However,if TjI– T1 isplottedagainstV1 with
thesetof curvespracticallyfallintoonesinglecwve
of.T1 rangingfrom392°F absoluteto 630°F absolute,

A setof

T1 asa parameter,
forallvalues
correspom “

totheldrdmumandmaximumfree-streamtemperaturesforaltitudesfrom
sealevelto about370,000feet. Infigure23twocurvesareshown,
representingthetwoerlnmmeconditiODE.Usinga singlecurveforthe
calculationof stagnation-temperatureriseisthereforejustified.

Theboundary-layer-temperaturerise TB– T1 canbe obtainedby
multiplyingthestagnation#emperatureriselytherecoveryfactorK.
Theresultisa singlecurvesimilertothecurveofstagnatio~temperature
risebutwithalltheortinatesdecreasedbytheratio K. Figurek
showsthecurveofboundsry-laye~temperatureriseatvariousspeedsVI,
COrrBSPOtiingto K = 0.89.

. . —.._ .. . .. . . . _ .. . ... ... . . ._____ . . . ._~ _________ ___
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APX!ENDJXB

_ ANOKUFCA:SMETHODOFNUMERICAL-RATION

RungeandKuttatsmethodofnumerical
to Ufferentialequationsofthefollqdng
initislconditionislmmwn.“

The

g = f(x,y)

integrationcanbe applied
~, providedthatthe

Wtial conditionisthat y = y. when x = xo.

(Bl)

ThederivationofRungeandKuttatsmethodcanbe foundin
reference13. Thefollmingtableisprovidedforthecalculation.

x Y f fxAx Oyeration

% Yo f(X0,yo) ~1 ;(~l+!ul..===.

Axx +— Y()+ *1 ( J
f X0+-*,Yo+& %2 q2+q3 =.. .02

xo+~ Y()+ 52 (“ )
f~+&,yo+~2 q3 sum =...

XO+AX YQ + qs (‘%+~’Yo+q3 ) qk q=$%ml =“.. .

xl=xo+~ Yl=yo+q

Forconvenienceofapplicationtothepresent~oblem,Runge
andKutta*smethodissrrangedintheformoftable2 ofthispaper.
A suitableintervalAt shouldbe chosen.H thepairof initial
valuesto and To aregiven,thevaluestt and Tt attheend
oftheintervalAt canbe obtainedby carryingouttheoperationsin
table2. Theoperationsproceedfromlefttorightofthefirstline
andthenthesucceedinglines.!l?hefunctionf(t,TS),correspondi~
to t and T to itsleftonthesameline,canbe obtainedfrom
equation(16). Ifthepairofvsluest: and T* me Wed as
initislvaluesandthetablerepeated,anotherpairofvalues’t“

,

.

—. —. . -—.-. —-.—-—— ~.— –———-—-—.—— — -
-.
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and T“
endof

canbe obtained,correspond@totheskh temperattieatthe
2At. Table2 canberepeatedlyusedinthismanneruntilthe

“ desiredvaluesof T areobtairmd.

Forillustration,table2 isusedto calculatetheskintemperature
ofthemissileine-le 2. Assumethattheskinteqeratureatthe .
endof20thsecondislmowntobe 519°F absolute,andtheskin
temperatureattheendof2kthsecondistobe detemnined.
ChooseAt = 2 seconds.

G f

0.6 0.403
.6 .834
.6 .828
.6 1.215

0.6 1.217
.6 1.728
.6 1.715
.6 2.082

T~ h TB

519.0 0.0103*
519.4 .0106568
519.8 .0106568
520.7 .O1OT(590

fxAt Operationt

;(!1+9.4’)= ‘*6’8
~p+ ~3 = 3.324

= 4.942
~=;: = 1.644

ql= 0.806
Q = 1.668
~3= 1.656
~ = 2.430

20
21
21
22

*(%+Q)= 3“299
~p+ ~3 = 6.886

sw . 10.185J---L520.6 0.0107590
5!a.8 .0108619
522.3 .0108619
524.0 .0109640

52 .0

22
23
23

24

-z

~1= 2.434
~ = 3.456
~3= 3.430
~ = 4.164 q =+um = 3*395

I

Theskintemperatureattheendofthe24thsecondistherefore
524°”Fabsohrbe.Noticethata constantvalueof G isusedh the
abovecomputation.Fora moreaccurateanalysisthevalueof G
shouldbeb=ed on Ts given.

~ orderto tiprovetheresult,thefolhwingmethod,asgivenby
RungeandKutta,canbe usedforcorrections.Insteadof At = 2 seconds,
table3 isrepeatedwtth At = 4 seconds.

f fxAt

0.403 ~1= 1.61-2

I.230 ~ = 4.920
1.196 q3= 4.784
2.085 ~ = 8.34o

t

20

22
24
24

-E_Ji-TTS h

519.0 0.0103
519.8 .0107
5=.6 .0107
523.8 ●0109
523.9

TB

w
590
590
640

G Operation

~(ql+q~= 4.976

!lP+ ~3 = 9.704
Sum = 14.68-o

q =~n = 4.893

0.6
.6
.6
.6

—..

4

.

.— —. .-. —. .—
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20

Thecorrectionisthengivenby

~ = &24 – 523.9) = o.oo7

andthecorrectedSW temperatureattheendofthe24thsecondis

TS = 524+ E = 524.007

Rung:andKnttatsmethodcanalsobe appliedto simultaneous
equationsofthetype(Ill)orto differentialequationsofhigher
order.I?ordetails,seereference13.

i

.

i
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K4RIATTOIIOF~AND hWITH TIME

[Given ~, 2, Fp (fig.7), and Fz (fig.8)1
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Initial

NUMERICALSOLUI’1019

TPJm2

(m’MIREAcomATEmmllmr~ EQUATION

Co?mtiona,to=. ..seo and TO=... %? aba.; tdme hter’wil At . . . .1
‘B

t TB (1-’rJ (from G
table 1)

(equat$on 16) ‘xAt Operation
Wble 1) “

to To / 11 &lq+L@ =...

to + *+ To+: !l~ ~’tq3 =...

Atto+F To+% ~3 sum =...”

to + At To + q3 ‘% q=+ =...

~t. to+At ‘W=! co+.’q

aIf tt and Tt are used as initial comiitlona and tlm above table repeated, the skin temperature
correapondlngto t = to +.ZAt oan be obtained..

v
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ITOMERICAL

TAELE3

SOLUTIONOFTHESRWLIKCD

lRKNS5W~E EQUATION

[GivenG and Ti]
t 1

Stepsof solution
w

t

h (fromtable1) I I ‘1
h/G I I I

%%%-l-t
I a I

0

@

TB (fromtable1)

I I
*(@.+@wJ”a I
6X(9 I a’

I

2012 +Ti Ti
1

!hesespaceseretobe leftblank.

I

k .*.

I

.

.

“1

. . 1

,
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Fig&el.-Heat-absorptioncapacityofvariousmetalskinsatroomtemperature
(520°F abs.).(Basedondatafromreferences6and7.)
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Figure4.- Theboundsry-layer-temperatieriseatvarious‘velocities
(variableCp).
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Figure 14. - Time history of uniformly accelerated
lmdy at eltltude 50,000feet. Constant velociw *r
the body reaches 5(DOfeet per second. P = 3@;
z ❑ 1 foot; and G = 0.6 Btu/(sq ft)(°F).
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Figure 15. - Sldn temperature of uniformly decelerated
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z = 1 foot; and G = 0.6 Btu/(sq ft)(°F).
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Figure16.-Veloc@-and-alti’cudediagiamforV-2
missile21,firedonMarch~,1947.(Dataobtained
fromreference5.)

Figure 17.- V&lation of TB and h with time for

‘example 1,
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Figure18.- ComparisonofcalculatedandmeasuredskintemperaturesforV-2
missile21,firedonMarch7,1947.P =26°;Z= 7feet;and? = 0.109inch m
forsteel.(Measureddataobtainedfromreference5.)
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Figure19.- Assumedveloci~-and-altitudediagramforexample2.
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Figure20.- VariationofTB andh wititie for~ple 2.
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F&we 21.- Vaxlatlon of skin temperature with time for example 2. p = 3@; z ❑ 4 feet; and
G = 0.6 Btu/(sq ft)(°F).
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